Soft carbohydrates, defined as readily-recoverable carbohydrates via mere extraction from the biomass or brief enzymatic saccharification, were found in significant amounts in rice straw as forms of free glucose, free fructose, sucrose, starch, and -1,3-1,4-glucan. In this study, we investigated their amounts in rice straw (defined as culm and leaf sheath), and developed an easy method for glucose and fructose recovery from them with heat-pretreatment and subsequent 4-h enzymatic saccharification with an enzyme cocktail of cellulase and amyloglucosidase. The recovery of glucose and fructose exhibited good correlation with the amounts of soft carbohydrates. The maximum yields of glucose and fructose in the rice straw per dry weight at the heading stage and the mature stage were 43.5% in cv. Habataki and 34.1% in cv. Leafstar. Thus, rice straw with soft carbohydrates can be regarded as a novel feedstock for economically feasible production of readily-fermentable glucose and fructose for bioethanol.
Global warming is recognized as one of the most serious environmental issues in the world, and consumption of fossil fuel for transportation accounts for 23% of world energy-related greenhouse gas emissions. 1) Ethanol fuel made from biomass (bioethanol) is recognized as an important alternative to gasoline, with an advantage in its carbon-neutral nature as a fuel. [2] [3] [4] The production of bioethanol from edible parts of plants, such as sucrose from sugarcane and starch from corn, has been increasing dramatically, [5] [6] [7] which results in competition with the food and feed supplies. 8, 9) To avoid this competition, bioethanol production from inedible feedstocks has attracted keen interest. Among inedible feedstocks, agricultural waste materials of herbaceous plants, such as rice straw, corn stover, bagasse, and wheat straw, have been regarded as the main sources of fermentable monosaccharides for ethanol production. [10] [11] [12] In general, agricultural waste materials contain two polysaccharides in the fibers; cellulose and xylan. Accordingly, two monosaccharides, glucose and xylose, can be mainly produced via the depolymerization of cellulose and xylan, respectively. 13) Glucose, as well as fructose and sucrose, can be readily fermented into ethanol by conventional methods with microorganisms, such as Saccharomyces cerevisiae and Zymomonas mobilis. On the other hand, commerciallyavailable fermentation methods for xylose have not been established yet, although much research on xylose fermentation by various microorganisms, such as Pichia stipitis and genetically modified-microorganisms, is in progress. [14] [15] [16] Therefore, at the current technological level, only a few fermentable sugars, such as glucose, fructose, and sucrose, are of practical significance for bioethanol production.
Cellulose, a -1,4-linked polymer of glucose, is regarded as the main source of glucose in the stems and leaves of herbaceous biomass, based on component analysis. 13) For saccharification of the biomass, enzymatic hydrolysis of cellulose into glucose is believed to be a key technology, because it advances in an environment-friendly manner under moderate temperature and pH. However, it has two serious problems: harsh, costly thermo-/chemical-pretreatment needed for exposure of cellulose in the cell walls, and a relatively slow hydrolysis rate due to the rigid crystal structure of cellulose. 17) Thus, cellulose can be regarded as a ''hard carbohydrate,'' in terms of its hardiness for enzymatic saccharification.
On the other hand, it has been reported that other carbohydrates composed of glucose and/or fructose exist in stems during the growth of plants, which include starch, -1,3-1,4-glucan, sucrose, free glucose, and free fructose. [18] [19] [20] In comparison with cellulose, these sugars can be termed ''soft carbohydrates,'' as they are readily recoverable via either mere extraction from the biomass or brief enzymatic saccharification. The softness of the carbohydrates coincides with their possible roles in temporary storage and the translocation of carbohydrates and energy with rapid disappearance. They have been intensively investigated in the fields of breeding science, plant physiology, and animal feed development. [21] [22] [23] [24] [25] [26] However, they have not been focused on as a source for bioethanol production, as they can rarely be found in y To whom correspondence should be addressed. Fax: +81-29-838-7996; E-mail: tokuyasu@affrc.go.jp significant amounts in the stems after harvesting, except for the cases of sucrose in the stem of sugarcane and sweet sorghum.
In this study, we focused on soft carbohydrates in herbaceous biomass, using rice straw as an example. It has been reported that the accumulation of starch in the stem of rice plant can be observed at the heading stage and the mature stage. 27) We found that significant amounts of soft carbohydrates, not only starch but also other sugars, can be detected in rice straws of a variety of cultivars, which were dried and treated under highly controlled conditions. Based on these results, we propose a new saccharification system for rice straw for recovery of glucose and fructose mainly from the soft carbohydrates, without the problems to be found in harsh thermo-/chemical pretreatments and inefficient enzymatic saccharification of cellulose.
Materials and Methods
Samples. Rice straws of six cultivars (cv.) (Leafstar, Habataki, Sasanishiki, Koshihikari, Momiroman, and Takanari) at the heading stage (the stage of 50% earing after sowing), and 14 cultivars (Leafstar, Saikai 253, Habataki, Nipponbare, Mitsuhikari 2005, Sasanishiki, Hokuriku 193, Koshihikari, Momiroman, Sanguichao, Teikin, Milkyqueen, Liang Yon Pei Jin, and Takanari) at the mature stage (the harvest stage), were collected from experimental farms of the National Institute of Crop Science, NARO. After leaf blades and grains were removed, rice straw, composed of leaf sheath and culm, was dried immediately at 70 C for 3 d. Sun-dried rice straw of the mature stage (cv. Koshihikari) was purchased from Honda Noen (Tsukubamirai, Ibaraki), and further dried at 70 C for more than 3 d. Dried samples (10 g) were cut to 2-3 cm and milled with a high-speed milling machine (PM-2005, Osaka Chemical, Osaka) to pass through a 500 mm mesh sieve.
Component analysis of rice straws. The total starch content of each sample was determined via enzymatic hydrolysis of starch into glucose, using a Total Starch Kit (Megazyme International Ireland, Wicklow, Ireland). For quantification of -1,3-1,4-glucan, a MixedLinkage Beta-Glucan Assay Kit (Megazyme International Ireland) was used according to the manufacturer's instructions. The amounts of glucose and sucrose were estimated with a Glucose C-II Test Wako (Wako, Osaka), with and without invertase treatment. The free fructose content was calculated as the same amount of free glucose contained in each sample, because it is a characteristic of rice straw that contents of free fructose and glucose are almost same (Shiroma, unpublished data). The contents of cellulose and xylan were determined by the two-step H 2 SO 4 hydrolysis method. Milled rice straws (100 mg) were hydrolyzed in 1 ml of 72% (w/w) H 2 SO 4 at 30 C for 1 h. The mixture was diluted by adding 7 ml of distilled water, and hydrolyzed at 100 C for 2 h. The mixture was centrifuged at 10;000 Â g for 3 min, and the supernatant was neutralized with 10% (w/v) NaOH. The total glucose content in the sample was determined by Glucose C-II Test Wako, and the xylose content was determined with a D-Xylose Assay Kit (Megazyme International Ireland). The net cellulose content was calculated by subtraction of the glucose contents in the starch, -1,3-1,4-glucan, sucrose, and free glucose from the total glucose content measured by the two-step H 2 SO 4 hydrolysis method.
To investigate the effect of the drying process on soft carbohydrates, component analysis of sun-dried rice straw of cv. Koshihikari at the mature stage was performed, and the data were compared with a heat-dried sample (cv. Koshihikari) at 70 C for 3 d in the laboratory.
Enzymatic saccharification of rice straw. For enzymatic saccharification of rice straw containing soft carbohydrates, each sample (100 mg) was put in a 2-ml plastic tube, and 500 ml of water was added to it. The tube was heated for 10 min at 100 C in a heat block and mixed every 2 min with a vortex mixer. Sodium acetate buffer (500 ml, pH 5.0) with a cellulase preparation (9.1 FPU/g-biomass, Celluclast 1.5 L, Novozymes Japan, Chiba, Japan), a cellulase/hemicellulase preparation (1.3 CbU/g-biomass, Viscozyme L, Novozymes Japan), a -glucosidase preparation (11.5 CbU/g-biomass, Novozyme 188, Novozymes Japan) and amyloglucosidase (2 mg, Oriental Yeast, Tokyo) were added to the tube, and this was incubated in a rotary reactor (Heatblock rotator SN-48BN, Nissin, Tokyo) at 10 rpm at 50 C for 4 h. After 4 h saccharification, liberated glucose was measured by Glucose C-II Test Wako. The total recovery of glucose after enzymatic hydrolysis was estimated as the amount of liberated glucose plus the amounts of free glucose, fructose, and sucrose.
Scanning electron microscopy (SEM) observation. Culms of dried rice straw (cv. Leafstar) at the heading and the mature stages were cut into small pieces (2-3 mm) and put onto a sample stage fixed by carbon tape. The specimens were observed under a scanning electron microscope (5600-LV, JEOL, Tokyo) at an acceleration voltage of 10 kV with gold coating.
Results and Discussion

Soft carbohydrates in rice straws
In this study, we set rice straw samples (defined as leaf sheath and culm) containing significant amounts of soft carbohydrates as new targets for bioethanol production. Tables 1 and 2 show component analysis data of rice straws collected at the heading stage and the mature stage, respectively. The amounts of soft carbohydrates at the heading stage were 20.8-36.6% of the dry weights, while those of cellulose were 12.8-21.1%. At the mature stage, the amounts of soft carbohydrates were 10.0-27.8% of the dry weights, and those of cellulose were 15.7-30.4%. Thus the amounts of soft carbohydrates were comparable to those of cellulose at both stages. Especially, starch, as well as sucrose, contributes most significantly to the sum of soft carbohydrates. The amounts of xylan were 7.6-10.7% and 8.8-16.0% at the heading stage and the mature stage, respectively. The component analysis data differ significantly from those in past reports, [28] [29] [30] in which cellulose and xylan were 32-47% and 21% in dry weight, respectively.
Starch in rice straw
Rice straw has been reported to contain significantly larger amounts of starch than other cereal straws, 31) and in some cases, the amount of starch in the rice straw reaches over 20% of the dry weight. A series of excellent studies on this phenomenon were performed around 1950, 27, 31, 32) and recently, it has been re-highlighted in terms of increase in rice yield and feed biomass. 21, 22) Starch accumulation in the parenchymal tissues of matured stem, leaf sheath, and leaf blade is a unique characteristic of rice plants at the mature stage. In general, the starch content in rice straw decreases after transplanting, increases after the end of tillering stage, and decrease again after heading, resulting in the translocation of starch to the grains. 32) Although starch in the parenchymal tissue almost disappears about 3 weeks after heading, it is reproduced in the tissue at the mature stage. 33) The amounts of starch varied from 9.3 to 24.0% of the dry weights at the heading stage (Table 1) and from 0 to 15.4% at the mature stage ( Table 2 ). The cvs. Leafstar, Habataki, and Sasanishiki accumulated relatively large amounts of starch at both stages, suggesting high potential as feedstocks for bioethanol production. These results could change depending not only on the genetic feature of a cultivar, but also other determinants such as cultivation conditions, date of harvest, preservation period, and the drying process for the sample. Development of a method for stable accumulation of starch in rice straw, based on information on both endogenous and exogenous determinants, is a prerequisite for industrial utilization of rice straw with high soft carbohydrates content. Figure 1 shows an SEM image of a cross-section of rice straw (cv. Leafstar), indicating a large amount of starch granules with diameters of 10-20 mm in parenchymal stem cells at the heading and mature stages. In industry, starch granules are hydrolyzed into low molecular-weight sugars such as maltose and glucose with the aid of -amylase and amyloglucosidase, and heat-gelatinization of starch granules generates amorphous regions in the molecules, which facilitates subsequent enzymatic hydrolysis. For enzymatic hydrolysis of the starch granules in rice straw, crushing it into small particles would be effective as this process gives the enzymes more chances to contact the granules and prevents the granules from getting stuck inside the parenchymal stem cells after heat-gelatinization.
-1,3-1,4-Glucan in rice straw -1,3-1,4-Glucan is a linear polysaccharide composed of -1,3-and -1,4-linked glucose residues, and is the structural/storage carbohydrate of cell walls. It is an important cell wall component to control cell expansion of plants in the Poaceae family. Its synthesis initiates at the onset of cell elongation, and reaches a peak when elongation rate is at the highest. After elongation ceases, the amount of -1,3-1,4-glucan reduces dramatically. 34) The contribution of -1,3-1,4-glucan in mature rice straw has rarely been reported, since -1,3-1,4-glucan is not usually considered to be a component of lignified mature cell walls. 19) In this study, we detected -1,3-1,4-glucan in rice straws not only at the heading stage but also at the mature stage. In Table 1 and 2, the amounts of -1,3-1,4-glucan appear to be significantly higher at the heading stage (2.25-3.26%) than at the mature stage, with little elongation of the plants (0.34-2.24%). Its content comprised approximately 10% of total soft carbohydrates.
-1,3-1,4-glucan is specifically degraded by lichenase, which is used for the identification and quantification of a glucan in a mixture of other glucans, such as cellulose and starch. -1,3-1,4-glucan can also be degraded by cellulolytic enzymes, which can result in misestimation as an amorphous part of cellulose. Discrimination of the two glucans in the biomass is very important for selection of rice straws with more -1,3-1,4-glucan via breeding and cultivation of rice plants.
Sucrose, glucose, and fructose in rice straw
Sucrose is a major material in the translocation process in higher plants, and plays a primary role as an energy and carbon source. It is synthesized from starch or other sugars for storage in plants, and translocated to active cells and storage organs in the plant. 20) As in Table 1 and 2, sucrose was detected in significant amounts, up to 10.5% of dry weight. In some samples, including cv. Koshihikari, at the mature stage the amounts of sucrose were larger than those of starch.
Free glucose and free fructose can be generated from sucrose via degradation by endogenous invertase in the rice plant. 23) Theoretically, equivalent amounts of glucose and fructose can be produced from sucrose, and we confirmed that they are also in the case of rice straw samples (Shiroma, unpublished data). Hence we assumed the amounts of free fructose in rice straw samples to be the same as those of free glucose in this study. The sum of these two free sugars was 1.3-4.4% at the heading stage, and 1.3-4.6% at the mature stage. It is noteworthy that significant amounts of sucrose, free glucose, and free fructose were present in rice straw, and in the case of cv. Mitsuhikari 2005 at the mature stage, the total amount reaches over 15% of the dry weight.
In order to investigate the effect of the drying process on soft carbohydrates, component analysis of sun-dried rice straw of cv. Koshihikari at the mature stage was performed, and the data were compared with a heatdried sample made in the laboratory. As shown in Fig. 2 , the total glucose and fructose residues in the sample changed significantly, mainly due to the disappearance of sucrose, free glucose, and free fructose in the sundried sample. The loss of these soluble sugars might have been due either to respiration by the plant or to microbial contamination. Starch, which exists in a crystalline form in parenchymal cells, was only slowly degraded during the sun-drying process. These results indicate that post-harvest management would greatly affect the amount of soft carbohydrates in rice straw.
Enzymatic degradation of rice straw with soft carbohydrates
In order to estimate the recovery of glucose and fructose, milled rice straw was enzymatically hydrolyzed using an enzyme cocktail containing cellulase, hemicellulase, -glucosidase, and amyloglucosidase for 4 h, after pretreatment of the samples at 100 C for 10 min for starch gelatinization and sterilization. In this experiment, the amount of liberated glucose, mainly from cellulose, starch, -1,3-1,4-glucan, and sucrose, was measured, while the amounts of free glucose and free fructose existing in the untreated samples were not counted. Sucrose might be degraded by endogenous invertases in the enzyme cocktail (data not shown). Figure 3 shows the correlation between the amounts of soft carbohydrates and those of recovered glucose after 4 h enzymatic hydrolysis of each sample. A 4-h reaction was long enough for the reaction to reach a plateau state (data not shown). Linear regression showed that these two data correlated highly with each other, with a correlation coefficient (R) of 0.956 and an intercept value of 4.02. This significant correlation implies that most soft carbohydrates are hydrolyzed into glucose by enzymatic hydrolysis. The intercept value of 4.02% can be attributed to glucose from degradation of cellulose in the samples, regardless of cultivars, collection time, and total amount of soft carbohydrates.
As mentioned in the introductory section, enzymatic degradation of cellulose in biomass comprises two problems: a harsh, costly thermo-/chemical-pretreat- ment needed for exposure of cellulose in the cell walls, and the relatively slow hydrolysis rate due to the rigid crystal structure of cellulose. If more glucose recovery from the remaining cellulose is needed, we might face these problems again.
Hence we performed a similar experiment under slightly modified conditions, using cv. Habataki at the heading stage and cv. Leafstar at the mature stage. The substrate concentration was reduced to one-fourth of the former experiment, in order to get more recovery of glucose from the biomass. Figure 4 shows the time course of the enzymatic hydrolysis of these samples. A rapid increase in glucose liberation was observed, and the reaction reached a plateau state in 2-3 h of reaction. The maximum recoveries of glucose were estimated to be 40.1% in cv. Habataki and 28.1% in cv. Leafstar, and total recoveries including the amounts of fructose were calculated as 43.5% in cv. Habataki and 34.1% in cv. Leafstar. The recoveries of xylose were found to as 1.0% in cv. Habataki and 0.5% in cv. Leafstar after modified 4-h enzymatic saccharification.
New saccharification process for rice straw with soft carbohydrates
In this study, we found that significant amounts of glucose and fructose could be recovered from rice straw with soft carbohydrates. We hereby propose a new saccharification process for rice straw via two steps: heat-pretreatment for starch gelatinization and sterilization, and an enzymatic hydrolysis of soft carbohydrates and parts of cellulose, as shown in Fig. 3 and 4 . The conditions for heat-pretreatment should be decided based on the properties of the starch and the efficiency of sterilization, and temperature around 80-100 C and heating time 1-10 min can be accepted at the laboratory scale (data not shown). Even though the speed of starch saccharification decreased without the heat-pretreatment step, the recovery of glucose at the plateau state did not differ from that with the pretreatment step (data not shown). Therefore, the first heat-pretreatment step can be skipped if the conditions at the second step are severe enough to prevent microbial growth.
This heat-pretreatment step can be performed under more environmentally friendly and inexpensive conditions than other pretreatments examined for lignocellulosic cell walls, such as dilute sulfuric acid, sodium hydroxide, and ammonia pretreatments. In addition, it cannot be ignored that rice straw with soft carbohydrates is not suitable for these chemical pretreatments. The dilute sulfuric acid pretreatment at high temperature for hemicellulose degradation would decompose unstable fructose, and solubilize starch, sucrose, glucose, and fructose. The alkaline pretreatment with either sodium hydroxide or ammonia at high temperature would solublize most of the soft carbohydrates in the solution, and ammonia would reduce the recovery of free sugars via the Maillard reaction. In all cases, the recovery of solubilized carbohydrates in highly acidic or basic solution would be costly as additional reagents would be needed for neutralization. In the case of ammonia evaporation, much energy would be needed to heat a whole suspension or solution. Also, the presence of soft carbohydrates in rice straw excludes the possibility of direct biological pretreatment, generally with white rot fungi, as the fungi would favor readily available sugars over lignin.
The second step of enzymatic hydrolysis requires a variety of enzymes for the hydrolysis of both soft carbohydrates and cellulose. For the hydrolysis of starch into fermentable sugars, at least -amylase or amyloglucosidase should be added to the enzyme cocktail. For degradation of -1,3-1,4-glucan, cellulases andglucosidases are needed, and they are needed for cellulose degradation as well. Invertase is not practically important, for many microorganisms can ferment sucrose without the aid of exogenous invertase. Enzymatic hydrolysis is generally performed around 45-50 C in order to minimize the risk of microbial contamination, except for direct production of bioethanol via the so-called simultaneous saccharification and fermentation process (SSF) at optimal temperature for the ethanolproducing microorganisms, which generally is around [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] C. In the case of SSF, the first heat-pretreatment step should be effective for efficient sterilization.
This two-step process for saccharification recovers sucrose, glucose, and fructose, which can be fermented by conventional ethanol production systems with microorganisms such as Saccharomyces cerevisiae and Zymomonas mobilis. If xylose from hemicellulose, as well as glucose from cellulose, is used as a substrate for ethanol production, we have to wait for the coming out of applicable accomplishments in genetically-modified or natural pentose-fermenting microorganisms. Our process is suitable for rapid progress to demonstration tests, as conventional technologies for ethanol production could readily be incorporated in it with slight modifications.
An insoluble fraction mainly with cellulose, hemicellulose, lignin, and silica could be obtained after the two-step process for saccharification, as well as a soluble fraction with glucose and fructose. The insoluble fraction could be separated and burned for heat or electricity generation with silica recovery, or used further as a substrate for the saccharification of cellulose and hemicellulose.
As for the production of feedstock, recovery of rice straw at the mature stage is consistent with recovery of rice grains, which could avoid the competition of bioethanol production with the food and feed supplies. On the other hand, recovery of rice straw at the heading stage gives no mature grain due to early harvest. Recovery at the heading stage, however, could be incorporated in a short-term cultivation system to increase the total yield from the field via repeated cultivation.
In summary, we propose a new saccharification process for rice straw with soft carbohydrates, based on the finding that significant amounts of soft carbohydrates can be accumulated in rice straw at both the heading stage and the mature stage. Research on bioethanol production from rice straw can be split into two directions, depending on main target carbohydrates: soft carbohydrates or cellulose/hemicellulose. The former direction should have few obstacles in its conversion process, as conventional technologies can be applied with slight modifications. Contrarily, as for the biomass production system, research on a stable supply of rice straw with soft carbohydrates should be accelerated, especially on the production of rice straw at the mature stage, which is consistent with the production of valuable rice grains. Further integrated research on feedstock production, harvest, preservation, and conversion into ethanol is needed in order to facilitate the commercialization of the process for domestic bioethanol production.
